Alternative splicing is an important regulatory mechanism to create protein diversity. In order to elucidate possible regulatory elements common to neuron specific exons, we created and statistically analysed a database of exons that are alternatively spliced in neurons. The splice site comparison of alternatively and constitutively spliced exons reveals that some, but not all alternatively spliced exons have splice sites deviating from the consensus sequence, implying diverse patterns of regulation. The deviation from the consensus is most evident at the -3 position of the 3' splice site and the +4 and -3 position of the 5' splice site. The nucleotide composition of alternatively and constitutively spliced exons is different, with alternatively spliced exons being more AU rich. We performed overlapping k-tuple analysis to identify common motifs. We found that alternatively and constitutively spliced exons differ in the frequency of several trinucleotides that cannot be explained by the amino acid composition and may be important for splicing regulation.
INTRODUCTION
Among all animal tissues the brain is probably the most molecularly complex organ with about 30% of the mammalian genome expression dedicated to it [1] . Both kinetic [2] and clonal [3] analysis indicate that 40-65% of the mRNA expressed in brain is restricted to this tissue. Furthermore, the majority of this mRNA is expressed in neurons and not in glia [4] , [5] .
Neuron specific gene expression can be achieved by transcriptional (reviewed in [5, 6] ) and post transcriptional mechanisms including splicing and RNA editing [7] . In order to analyze common features of neuron specific exons, we compiled and analyzed the currently available neuron specific exons. It has been estimated that alternative splicing is involved in more than 5% of on/off regulation in Drosophila genes [8] . In addition, it has been shown that the inclusion of alternatively spliced exons alters the electrophysiological properties of ion channels like the the Glutamine A-D [9] and the NMDA [10] receptors. In 11 genes listed in this survey, alternatively spliced exons encode stop codons leading to truncated proteins. In 10 genes listed, the alternatively spliced exon introduces a phosphorylation site and in one case a phosphorylation site is removed.
The exact mechanisms that regulate the alternative use of neuron specific exons are not well understood. Several regulatory sequences have been identified, including splice sites deviating from the consensus [11] , RNA binding factors [12, 13] , elements in the flanking introns [14, 15] and secondary structures [16] .
In addition, several components of the splicing machinery have been found to be specific for neurons, among them the composition of SR proteins [17] , U2 RNA composition [18] and the protein SmN [19] that might be involved in the etiology of the Prader Willi syndrome [20] , but whose functional significance is not clear [21] .
Neuron specific alternatively spliced exons can be the result of neuron specific transcription followed by alternative splicing, or the result of transcription that takes place in all cells followed by neuron specific splicing. Although the consequence in both cases is an exon that is alternatively spliced in neurons, the mechanistic regulation might be quiet different. For example, neuron specific exons generated by neuron specific promoter use are alternatively regulated in non-neuronal cells [22] . In contrast, several genes exhibit neuron specific splicing only when expressed in neuronal cells, but not in any other cell type [11] , [15, 23] . The neuron-specific usage of the exons compiled here has been established by comparison with some, but not all, nonneuronal tissues like liver or muscle. Therefore, more detailed investigations may detect some use of these exons in non-neuronal cell types. Furthermore, inspection of the compiled sequences shows that certain functional subclasses such as receptors are highly represented, which probably reflects the current focus of research on these molecules, rather than their greater use of alternative spliced exons.
METHODS
Collection of alternative spliced exons and control database Exons that are alternatively spliced in neurons were collected from the literature using the Medline database, searching with the key words 'alternative splicing' and 'brain' or 'neuron'. The sequences were run against GenBank using the BLASTN 1.3.12 *To whom correspondence should be addressed [26] using the GeneId dataset and randomly extracted splice sites as a comparison. The scoring function is defined as: SA(X) = log2 Q(X) Pi(X) is the frequency of finding X at position i that is equal to CD(X)Di. The normalization Di is the sum of the counts Ci(X) over X (=A,C,G,T). We used Q(X)= 1/4 for all X as the random background frequency. The score for a splice site is the sum of the scores for each individual nucleotide. [27] . The deviation of splice sites from the consensus sequence [28] seems to decrease binding of splicing factors around the alternatively spliced exon and to limit its use. Mutations in the 5' splice site that interfere with Ul snRNA binding have been shown to decrease the usage of exons [29, 30] . The composition of the 3' splice site [31] and the branch point has been shown to be important. However, the splice sites of alternative exons do not always deviate from the consensus. For example, the splice sites surroundng the exons coding for substance P [16] , sexlethal and the Drosophila P element [8] match the consensus sequence.
RESULTS AND DISCUSSION
General 5' splice site composition The 5' splice site consensus sequence reflects base pairing with Ul snRNA. A comparison of 5' splice sites from common and neuron specific alternatively spliced exons is shown in Figure  1 . On average, neuron specific 5' splice sites deviate most from the consensus at the +3 and -4 position, where the consensus nucleotide is present 40% less often than in constitutive exons. In position + 2, + 1, and -3 use of the consensus nucleotide is increased by 8%, at the position -5 it is decreased by 16% and at -6 it is increased by 26%. Addition of these percentages shows that neuron specific 5 |5' splice sites I that the consensus nucleotide at the -4 position in yeast is also U, but the significance of this similarity is unclear. General 3' splice site composition The comparison of the 3' splice sites from neuron specific alternatively spliced exons and common exons reveals differences at the -3 position (Figure 2 (Figure 3 , E and F). One group of alternatively spliced exons has splice sites that are sub-optimal, whereas another group has splice sites that score similar to the splice sites of constitutively spliced exons. This could mean that the first group of exons is most likely regulated by their splice site quality, which is in agreement with the exon definition model [34] . Skipping of these exons is the most likely default mechanism. The second group is most likely regulated by other elements like steric hindrance [15] , secondary structures [16] or factors that bind to flanking intron sequences [35] . CAA  CAC  CAG  CAT  CCA  CCC  CCG  CCT  CGA  CGC  CGG  CGT  CTA  CTC  CTG  ,CTT   000000t00t;S0E0tlt&CGn00X7   GM   GAC  GAG  GAT  GCA  GCC  GCG  GCT  GGA  GGC  GGG  GGT  GTA  GTC  GTG  GTT   3   2   nl.  l  l~~~~~~~~~~~~~~~,   ,   /~I   TM   TAC  TAG  TAT  TCA  TCC  TCG   TCT  TGA  TGC  TGG  TGT  TTA  TTC [13, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] we analysed the neuron specific exon database for k-tuple frequencies according to Claverie et al. [48] . The overlapping 3-tuple distributions in both alternatively and constitutively spliced exons are plotted in Figure 4 , A. The expected frequencies and the dispersions for random sequences with the same nucleotide compositions were calculated by randomizing each data set and are indicated as error bars in Figure 4 , A. The general feature for all exons is the rare use of TA and CG dinucleotides as shown by the deviation below the random expectations, possibly to avoid termination and methylation. Assuming that the nucleotides assemble independently of each other, most of the differences in 3-tuple frequencies between the two exon data sets can be explained by the single nucleotide composition, because the 3-tuple frequencies follow the trend of the random expectations. However, some of the major differences cannot simply be attributed the single nucleotide composition, for example the relative high frequency of trinucleotides AAA and TTT in alternatively spliced exons cannot be explained by the single nucleotide composition and by the amino acid composition of the alternativly spliced exons (Figure 4, B) .
In common exons, the trinucleotides CAG, CTG, AGA, TGG and GAG are more frequent than what would be expected in a random assembly. Their high frequency cannot be explained by the amino acid composition of the common exons (Figure 4, B) , because only the amino acids F, S, W, Y could contribute to a 3-tuple frequency difference but except F these differences are not correlated to the different trinucleotide distribution. We therefore assume that constraints that lead to the different 3-tuple distribution are due to regulatory requirements on the RNA level. We furthermore conclude that the different 3-tuple composition of alternatively and constitutively spliced exons might have regulatory significance in splicing.
The high frequency of certain trinucleotides probably represents the general characteristics of common exons. In order to see how these 3-tuples are distributed in alternatively spliced exons, we computed the 3-tuple frequency per sequence for the neuron specific exons (each 3-tuple counts at most once in each exon), CAG and AGA were found to be the most frequent, with more than 89% of the alternatively spliced exons containing either CAG or AGA (data not shown).
In order to find motifs common in alternatively spliced exons, we used the RTide program which was designed to search short motifs in multi-sequences [49] . We were unable to identify a motif in the exon sequences or in subset of these sequences. However, our RTide analysis indicated that CAGA might be part of possible motifs in alternatively spliced exons.
The AU rich nucleotide composition and the distribution of tri and tetranucleotides in alternatively spliced exons is in contrast to several AG rich sequence motifs that have been described as necessary for alternative exon usage [38-40, 42, 43, 45-47] . It is tempting to speculate that the AG rich motifs that are in an AU rich context of the alternatively spliced exons serve as signals for the splicing machinery, presumably through binding to an hnRNP. In the light of our analysis, the mutation of these motifs leads to skipping of the alternative exon, because different or no trans factors are now binding to the mutant exon and make it recognizable to the splicing machinery.
Since rapid progress is being made in sequencing and identifying neuron specific exons, we hope that in future updates of this sequence comparison putative motifs will become more clear.
Update
Since we are planning to update this compilation in the future, we would be thankful for the communication of new or here omitted neuron specific exons. Furthermore, the sequences can be obtained electronically either from stamm@cshl.org or by anonymous ftp from phage.cshl.org in the /pub/science/alt_exon directory.
